Abstract | The use of multigene panels for the assessment of cancer susceptibility is expanding rapidly in clinical practice, particularly in the USA, despite concerns regarding the uncertain clinical validity for some gene variants and the uncertain clinical utility of most multigene panels. So-called 'moderate-penetrance' gene mutations associated with cancer susceptibility are identified in approximately 2-5% of individuals referred for clinical testing; some of these mutations are potentially actionable. Nevertheless, the appropriate management of individuals harbouring such moderate-penetrance genetic variants is unclear. The cancer risks associated with mutations in moderate-penetrance genes are lower and different than those reported for high-penetrance gene mutations (such as mutations in BRCA1 and BRCA2, and those associated with Lynch syndrome). The extrapolation of guide lines forthemanagementofindividualswithhigh-penetrancevariantsof cancer-susceptibility genes to the clinical care of patients with moderate-penetrance gene mutations could result in substantial harm. Thus, we provide a framework for clinical decision-making pending the development of a sufficient evidence base to document the clinical utility of the interventions for individuals with inherited moderate-penetrance gene mutations associated with an increased risk of cancer. NATURE REVIEWS | CLINICAL ONCOLOGY VOLUME 13 | SEPTEMBER 2016 | 581 PERSPECTIVES © 2 0 1 6 M a c m i l l a n P u b l i s h e r s L i m i t e d , p a r t o f S p r i n g e r N a t u r e . A l l r i g h t s r e s e r v e d .
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. Until recently, clinical research into cancer genetics focused on classic syndromes, such as hereditary breast and ovarian cancer (HBOC) and Lynch syndrome. Several studies have resulted in the definition of the best management approaches for these families, and demonstrated the clinical utility of proactive medical interventions, such as preventive oophorectomy for individuals with HBOC 2 . New genomics technologies have helped define the genetic architecture of cancer risk beyond the classic predisposition syndromes. Such advances have revealed 'moderate-penetrance' mutations in various mutations in 1.1-9.4% of individuals tested [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] (see Supplementary information S1 (table) ). The value of multigene-panel testing remains controversial, however, because of the uncertainty regarding the strength of association between mutations in some genes and the development of cancer (clinical validity) 3 , and a lack of evidence demonstrating improved outcomes for the individuals tested (clinical utility) 16 . Several researchers have suggested that the results of multigene-panel testing are nevertheless 'actionable' , in that the results might support a distinct preventive or treatment approach 17 ; however, studies that support clinical utility of this approach by documenting improved outcomes are not currently available.
Despite the controversy, thousands of individuals have undergone multigene-panel testing 18 . As a result, many individuals are being found to carry mutations for which no established management guidelines exist. These individuals might be harmed if they are inappropriately managed with interventions developed for high-penetrance cancer-predisposition mutations. Hence, we propose a framework for clinicians caring for these individuals to use in patient counselling and clinical decision-making.
Gene selection
The multigene panels that are available commercially vary widely in the genes that are analysed. Consensus management guidelines exist for the management of 'high-penetrance' mutations (such as those in BRCA1/BRCA2, TP53, PTEN, MLH1/MSH2/MSH6/PMS2, APC, CDH1, and STK11) 19 , although these current guidelines might not be well-suited for application to 'high-penetrance' mutations discovered in the absence of a family history of cancer that would have supported clinical testing, as penetrance may be different in the latter circumstance. In this article, we focus on a management approach for individuals with mutations that confer modest relative risks (approximately 2-5) for specific cancer types, particularly breast and ovarian cancer (TABLE 1) . As discussed, the threshold for distinguishing 'highpenetrance' from 'moderate-penetrance' is arbitrary, and our grouping reflects current convention. Some mutations genes, which generally confer a more-modest degree of cancer risk (relative risk (RR) 2-5), although the risk threshold separating moderate-penetrance from high-penetrance genes is defined arbitrarily 3 . Clinical cancer geneticists were initially reluctant to screen for moderate-penetrance mutations linked to cancer susceptibility because of the uncertainty about how, or even whether, identifying these mutations should change medical management for such individuals 4, 5 .
Testing for moderate-penetrance mutations began in earnest, however, once 'next generation' sequencing technologies made it feasible to screen for mutations in many genes simultaneously using multigene panels 6 . In studies in the past 3-5 years, investigators have identified moderate-penetrance
Counselling framework for moderatepenetrance cancer-susceptibility mutations within 'moderate-penetrance' cancersusceptibility genes can, however, confer levels of risk that are similar to the average risk of an individual with a 'high-penetrance' gene mutation (for example, the ATM mutation c.7271T>G (p.Val2424Gly) and the PALB2 mutation c.3113G>A (p.W1038X)). Conversely, certain mutations in high-penetrance genes might confer more modest degrees of risk. Herein, we suggest a general quantitative approach that can be adapted to the individualized level of cancer risk, independent of the specific gene variant detected.
In 2015, Easton and colleagues 3 reviewed the evidence for associations between breast-cancer risk and a number of genes published isolated reports of similar associations for a number of variants in other genes (such as MEN1, RECQ, and RINT1) [24] [25] [26] , but these results await confirmation in additional studies, preferably of a large size.
No systematic review of associations between specific moderate-penetrance genes and an increased risk of ovarian cancer is available. Large case-control studies have, however, shown robust associations between ovarian cancer and BRIP1 and RAD51C/D variants 27, 28 . Conflicting evidence exists regarding the risk of ovarian cancer associated with mutations in BARD1 and PALB2: however, PALB2 mutations were linked to ovarian-cancer risk in two studies 27, 29 , but the associations were not uniformly statistically significant; for BARD1, the results of only one of these studies indicated an increased ovarian cancer risk 29 , but co-inheritance of BRCA1 mutations confounded the potential association. Other genes represented on multigene panels have either been found to lack associations with ovarian-cancer risk (ATM, CHEK2, and NBN) 27, 30, 31 , or have not been adequately studied. The clinical validity of moderate-penetrance gene mutations other than those in BRIP1 and RAD51C/D for ovarian-cancer risk assessment is, therefore, unproven -although, the evidence for PALB2 variants is suggestive of clinical validity.
Few genes have been described as conferring moderate-penetrance predisposition to colorectal cancer (CRC); however, the common CHEK2 mutation 1100delC, the Ashkenazi founder APC mutation I1307K, and monoallelic mutations in MUTYH are all associated with CRC risk, although the level of risk conferred by these mutations is less than that associated with having a first-degree relative affected with the disease (RR 2.25) 32, 33 . Mutations in CHEK2, ATM, and PALB2 have been linked to modestly increased risk of other cancers, including pancreatic cancer, but the relative risks for these diseases have not been defined [34] [35] [36] [37] [38] . 28 , and we apply the estimated odds ratio to population age-specific incidence data using the following equation:
Cumulative risk = 1 = e (−cumulative incidence) Population age-specific incidence rates were obtained from the 2008-2012 SEER cancer statistics for all races 39 . Average relative-risk multipliers were derived from the systematic review of Easton and colleagues 20 , for breast cancer risk, and from the recently published population-based case-control studies of Ramus et al. 27 and Song et al.
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, for ovarian cancer risk. This method of estimating LTR is broadly accepted, although the approach has limitations. First, calculations based on average relative risks assume that relative risk is constant over the lifetime. If data exist that challenge this assumption (for example, reports of inconstant relative risks of cancer associated with ATM and CHEK2 variants) 31, 40 , we also calculated CLTR using age-specific relative risk, if available (see Supplementary information S2 (table)). For PALB2, age-specific relative risks and CLTR were derived from a segregation analysis reported in 2014 (REF. 41 ). Second, the relative-risk estimates we present are based on limited data and, for some genes, the confidence intervals are wide. Thus, our understanding of associated risks might change considerably with the accumulation of additional data in the future. Third, specific mutations can present higher or lower risks than those calculated from the average relative risk. For instance, the ATM mutation c.7271T>G (p.V2424G) and the PALB2 mutation c.3113G>A (p.W1038X) have both been associated with a very high relative risk of breast cancer (RR >10) 42, 43 . Missense mutations in CHEK2, such as I157T and S428F, are associated with lower risks (RR <1.5) than truncating mutations, such as 1100delC, and homozygous CHEK2-mutation carriers are at higher risk of the disease than heterozygotes 40, [44] [45] [46] [47] . of ≥30%. No data relate specifically to the performance of mammography and clinical breast examination in women at risk who harbour a moderate-penetrance mutation in a cancer-susceptibility gene, although the calculated average CLTRs for women with pathogenic mutations in PALB2, ATM, NBN, and CHEK2 (excluding certain missense mutations, such as p.I157T) approach or exceed 30% (see Supplementary information S2 (table); TABLE 2 ). Therefore, women carrying such mutations could be considered for early mammographic screening, depending on the local absolute-risk threshold for such surveillance. Women with common missense mutations in CHEK2 (such as p.I157T or p.S428F) have an estimated CLTR <20% and, based on the present of such mutations alone, do not meet an enhanced surveillance threshold.
Breast MRI
The addition of breast MRI to mammography improves the diagnostic yield of cancer detection in women at increased risk of breast cancer owing to a BRCA1/BRCA2 mutation or a family history of the disease 52 , and results in a stage-shift of cancer compared with historical control populations 53 . Several guidelines recommend MRI screening for women with BRCA1/BRCA2 mutations or with high-penetrance mutations in other breast-cancer-susceptibility genes (such as TP53 and PTEN) 19, 51, 54 . Historical comparisons and modelling analyses predict that the use of screening MRI will result in improved survival in screened populations 55, 56 , but confirmatory randomized controlled trials are unlikely to be feasible as ethical challenges complicate randomization of high-risk patients to mammographic screening alone.
Guidelines regarding the use of MRI to screen for breast cancer in women without highly penetrant mutations associated with the disease are heterogeneous. US guidelines recommend using MRI in women with LTR of ≥20% based on prediction models incorporating family history, despite the lack of evidence that MRI improves patient outcomes in this setting 49, 50, 57 . Other guidelines suggest a 30% LTR threshold 54 , or do not support MRI at all for women without BRCA1/BRCA2 or TP53 mutations 51 . Existing guidelines do not specify whether cumulative risk or remaining LTR is the relevant parameter in decisions on who to screen, or which model should be used when calculating remaining LTR. Thus, the guidelines can be interpreted variably, leading to support annual mammography beginning at 25-30 years of age (or 10 years before the earliest age at diagnosis of the affected relatives, whichever is later) for women with an estimated LTR of ≥20% based on a family-history model, or with a first-degree relative affected with premenopausal breast cancer. The US National Comprehensive Cancer Network (NCCN) 50 recommends beginning annual mammography for women with a LTR of ≥20% owing to a family history of breast cancer at an age 10 years younger than the earliest age at which a family member was diagnosed with the disease (but not before the age of 30 years). The UK National Institute for Health and Care Excellence (NICE) guidelines for the management of familial breast cancer 51 suggest that annual mammography can be 'considered' from the age of 30 years for women with a LTR different recommendations for the same woman, depending on the model used 58 . The guidelines also do not discuss the appropriateness of MRI screening for women with moderate-penetrance gene mutations; however, the predicted average CLTR approaches or exceeds 30% for mutations in PALB2, ATM, NBN, and CHEK2 (excluding p.I157T and p.S428F mutations; TABLE 2), and therefore women carrying pathogenic mutations in these genes can be considered for MRI surveillance in the USA. In countries with different thresholds for MRI screening, women with moderate-penetrance mutations in cancer-associated genes might not meet the guidelines to undergo screening unless they present additional risk factors. As no international consensus exists regarding the optimal risk threshold for recommending MRI surveillance, clinicians must determine whether the levels of absolute risk associated with 'moderate-penetrance' mutations meet their local guidelines. The role of MRI in women with moderate-penetrance mutations who have been affected with breast cancer requires clarification by appropriate studies, as does the possibility of differential effectiveness in different clinical situations.
Women with mutations in genes of uncertain clinical validity for breast cancer assessment (such as BARD1, BRIP1, MRE11A, RAD50/51, RAD51B/C/D, exceeded at the age of 30 years; reasoning by analogy, therefore, one would recommend beginning mammographic surveillance in women harbouring these mutations at those ages. The 5-year breast-cancer incidence in 40-year-old women in the USA is 0.6%. If surveillance should begin at this level of risk (as suggested by those who advocate beginning mammographic screening at 40 in the general population), women with mutations in ATM, NBN, and truncating mutations in CHEK2 should be screened from the age of 35 years (TABLE 2) .
Women with pathogenic mutations in PALB2, ATM, NBN, and CHEK2 (other than p.I157T) have CLTR of breast cancer that exceeds 20% and thus meet existing guidelines for MRI surveillance, at least in the USA (TABLE 2) ; however, these guidelines do not provide insight into the age at which to begin such screening. No country currently recommends MRI screening for women at average risk of breast cancer. In the USA, the highest population 5-year incidence of this disease is 2.2% in women aged 70-80 years (TABLE 2) ; therefore, logically, MRI surveillance should not be offered to women until their 5-year estimated risk exceeds that threshold. The estimated average 5-year risk of breast cancer in women with mutations in ATM, NBN, and CHEK2 (truncating) does not exceed this level until the age of 45 years, and not until the age of 35 years for PALB2 carriers. Thus, the threshold model would and certain missense mutations in CHEK2) should not undergo MRI screening based on the presence of the mutation alone. For these women, however, a family-history-based model might predict sufficient risk to warrant MRI screening.
Age for breast-cancer surveillance
No generally accepted metric is available for objectively deciding when to begin breast-cancer screening in women at increased risk of the disease, whether that risk results from a family history of breast cancer or from the inheritance of a moderate-penetrance mutation in a cancer-susceptibility gene. In the USA, however, reasonable consensus does exist that screening with mammography is appropriate for 'average risk' women beginning between the ages of 45-50 years, despite the controversy surrounding screening in younger women. SEER registry data indicate that the 5-year breast-cancer incidences for US women (all races combined) at the ages of 45 and 50 years are 0.94% and 1.12%, respectively (TABLE 2) . Initiating screening of at-risk women at a lower risk threshold than is used in the general population would be illogical. The estimated average 5-year risk of breast cancer for carriers of mutations in ATM, NBN, and truncating mutations in CHEK2 does not exceed 1% until 40 years of age, while in PALB2-mutation carriers, this level of risk is Indicates the agerangesatwhich5-yearriskapproachesorexceeds1%(theapproximatepopulationriskofbreastcanceramongUSwomanaged45 years).
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Indicates the age ranges at which the 5-year risk of breast cancer exceeds 2.2% (the highest risk estimated for US women in the general population, specifically, those aged between 70-79 years).
suggest deferring MRI surveillance until 5-10 years after initiation of mammographic surveillance; for practical reasons it would be reasonable to initiate MRI surveillance at same time as mammography -that is, at the age 40 years, or 30 years for women with PALB2 mutations.
Of note, a family history of breast cancer can further increase the risk associated with moderate-penetrance cancer-associated mutations. Earlier surveillance (beginning at the age of 35 years) might be warranted in women with mutations and affected close relatives, particularly if those relatives were diagnosed with premenopausal breast cancer. For women with mutations in PALB2, risk of the disease at the age of 30 years is sufficient to warrant enhanced screening, even without a family history.
In summary, we suggest initiating surveillance of women with pathogenic mutations in clinically valid breast-cancerpredisposition genes at the age when their estimated 5-year risk approaches that at which screening is routinely initiated for women in the general population (approximately 1% risk in the USA). In the USA, breast MRI should be added to mammography if the CLTR of breast cancer conferred by the mutation exceeds 20%, but other health systems might choose to withhold MRI screening unless a higher estimated-risk threshold is exceeded. MRI surveillance should begin no earlier than when the estimated 5-year incidence of breast cancer exceeds the highest risk experienced by women in the general population (currently estimated to be 2.2% in the USA, TABLE 2), but beginning MRI assessments when mammographic surveillance begins might be a more-practical approach, particularly given the relatively lower sensitivity of mammography in younger women. Importantly, this general framework is responsive to new data regarding risk estimates, and to local decisions regarding thresholds for initiation of surveillance and the use of MRI. TABLE 3 and TABLE 4 illustrate the potential impact of variation in odds ratios in risk estimates and recommendations, using CHEK2 mutations as an example.
Risk-reducing mastectomy
No threshold risk has been established that mandates risk-reducing mastectomy in women unaffected by breast cancer. Performing randomized trials to assess the efficacy of risk-reducing mastectomy in women without breast cancer is not feasible. Whether mastectomy will provide carriers was not significantly increased compared to women without mutations, although another study suggested a modestly increased risk among ATM-mutation carriers undergoing breast-conservation therapy (BCT) 62, 63 . Without confirmation and quantification, these data should not contraindicate BCT in carriers of ATM mutations. The CHEK2 mutation 1100delC is associated with an increased risk of contralateral breast cancer (RR 2.77) 64 , but the absolute level of risk seems to be 10-15%, which also does not mandate mastectomy. No information is available regarding the risk of contralateral breast cancer associated with mutations in other genes, including PALB2.
Managing ovarian-cancer risk
Ovarian-cancer screening has not been shown to reduce mortality among women at risk of hereditary disease. Risk-reducing a survival advantage to women with moderate-penetrance mutations is uncertain, given the level of risk is relatively modest, and considering the effectiveness of breast-cancer screening and treatment. Notably, the estimated average annual risk of breast cancer for a woman with a moderate-penetrance susceptibility mutation rarely exceeds 1%, which is similar to the risk experienced by a woman with atypical ductal hyperplasia and is less than that of a woman with lobular carcinoma in situ [59] [60] [61] -conditions for which preventive mastectomy is rarely used.
Information regarding contralateral breast-cancer risk in affected women with moderate-penetrance mutations in cancer genes is limited. As in unaffected women, it is uncertain whether preventive contralateral mastectomy will yield a survival benefit in such women. In one study, the risk of contralateral breast cancer in ATM-mutation The results of large case-control studies demonstrate that women with mutations in BRIP1 and RAD51C/ RAD51D are at increased risk of ovarian cancer [21] [22] [23] 27, 28 (TABLE 1) . The estimated CLTRs associated with mutations in these genes (6-13%) approximate to the lower end of ovarian-cancer-risk estimates for BRCA2-mutation carriers 65, 66 (TABLE 5) . As for breast cancer, the risk associated with a moderate-penetrance cancer-susceptibility mutation might be magnified in the presence of a family history of ovarian cancer in a close relative. Studies have not clearly proven an increased risk of ovarian cancer in women with moderate-penetrance cancerassociated mutations in other genes, including PALB2, ATM, CHEK2, BARD1, MRE11A, NBN, and RAD51B, although mutations in these genes have been observed in families with a history of both breast and ovarian cancer 6, [9] [10] [11] [12] [13] [14] . Thus, risk-reduction strategies for ovarian cancer are not indicated by mutations in these genes alone; however, if these mutations are identified in the setting of a considerable family history of ovarian cancer, the family history of the disease itself might support intervention.
PALB2 mutations and family histories of pancreatic cancer might be candidates for appropriate clinical trials of pancreatic cancer screening strategies. 68 , which approximates to the same risk level as those with an first-degree relative affected by CRC, and may justify consideration of colonoscopy at 40 years of age under current guidelines, despite the low absolute risk. The risk of CRC associated with I1307K in non-Ashkenazi carriers is uncertain. No evidence indicates that individuals with either CHEK2 1100delC or APC I1307K mutations require shorter colonoscopy-screening intervals.
Colorectal cancer

Other considerations
Studies of multigene-panel testing describe variants of uncertain significance (VUS) in a substantial proportion of individuals who undergo testing. It is critical to emphasize that VUS should not be used to guide medical management, and that individuals with VUS should be managed on the basis of their family history alone.
One important question is whether offering presymptomatic testing to the family members of individuals with moderate-penetrance mutations detected in cancer-associated genes (cascade testing) is appropriate. The benefit of such testing Given the limited benefits of ovarian-cancer screening 67 , the risk associated with BRIP1, and RAD51C/ RAD51D mutations warrants consideration of RRSO. The timing of this surgery is of great importance, given the substantial effects on quality-of-life related to premature menopause. RRSO is not recommended routinely for women whose only risk factor for ovarian cancer is an affected first-degree relative. A woman's cumulative risk of ovarian cancer should, therefore, approach or exceed the LTR of a woman with an affected BRCA-negative first-degree relative (approximately 2.64%) before they are offered RRSO. Carriers of mutations in BRIP1 or RAD51B/RAD51C/RAD51D cross this threshold at around the ages of 50-55 years, and can likely defer RRSO until they are perimenopausal or postmenopausal (TABLE 5) . Women with mutations in these genes who also have a family history of ovarian cancer in a first-degree relative might cross the risk threshold earlier, assuming a multiplicative effect.
Managing risks of other cancers
Pancreatic cancer
Mutations in PALB2 and ATM have been associated with increased familial risk of pancreatic cancer 34, 38 . The mutation prevalence, relative risk, and the absolute risk of pancreatic cancer associated with such mutations are all unknown. Moreover, no proven effective screening or prevention measures for pancreatic cancer are available. Nevertheless, individuals with ATM and 
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). c-C, case-control; seg, segregation analysis. CLTR, cumulative lifetime risk.*Indicates ages at which cumulative risk reaches ~1.2% (population CLTR). ‡ Indicates ages at which cumulative risk approaches or exceeds 2.6% (approximately the average risk of a woman with a BRCA1/BRCA2-negative relative affected with ovarian cancer 64 ).
will probably depend on the specific gene under consideration and the family history of cancer. As noted earlier, mutations in PALB2, although less strongly cancer-predisposing than BRCA2, seem to warrant very early initiation of surveillance and MRI screening for breast cancer (at around the ages of 30-35 years), which would justify presymptomatic testing of family members.
Moderate-penetrance mutations in other genes can be considered as risk factors that interact with family history and other non-genetic factors to modulate an individual's risk of cancer. As a result, individuals from families transmitting moderate-penetrance mutations who test negative for the familial mutation probably remain at some degree of elevated cancer risk if they have a family history of breast cancer. Such individuals should be managed on the basis of their family history, and might warrant enhanced surveillance even if they are 'true negative' for the mutation (unlike the situation for most families with documented high-penetrance gene mutations). In the setting of a weak or absent family history, however, in which the moderate-penetrance mutation is the only factor prompting enhanced surveillance, individuals testing negative can be relieved of the burden of surveillance.
Conclusions
The management approach suggested by our proposed framework is summarized in TABLE 6 . This approach should be adapted in the presence of a clear family history of breast, ovarian, or colorectal neoplasia. Results of future studies might enable extension of this approach to genes for which clinical validity is presently uncertain. More robust estimates of age-specific risks from segregation analyses, properly performed case-control studies, and prospective studies (such as the PROMPT study, http://www.promptstudy.org) could also result in revision of surveillance and management approaches for individuals with moderate-penetrance mutations associated with cancer. Pending the development of this evidence base, we offer these suggestions in the hope that they will provide assistance to clinicians caring for individuals with moderate penetrance cancer-related mutations. These suggestions are proposed primarily as an educational resource for oncologists and other health-care providers, in order to help them provide quality services to individuals with moderate-penetrance mutations. Clinicians should apply their own professional judgment to the specific clinical circumstances for individual patients. These suggestions are designed primarily as an educational resource for oncologists and other health-care providers to help them provide quality services to individuals with moderate-penetrance mutations. Adherence does not necessarily ensure a successful medical outcome. These suggestions should not be considered inclusive of all proper procedures and tests, or exclusive of other procedures and tests that can reasonably be used to obtain the same results. In determining the propriety of any specific procedure or test, clinicians should apply their own professional judgment to the specific clinical circumstances presented by the individual patient. CLTR, cumulative lifetime risk; RRSO, risk-reducing oophorectomy. *Earlierinitiationofsurveillance(attheageof35 years)mightbewarrantedinthepresenceofaclear family history of breast cancer, especially multiple first-degree relatives at younger ages. ‡ Recommendations for CHEK2 heterozygotes; homozygote mutation carriers might warrant earlier surveillance similar to that for PALB2-mutation carriers. § Family history: breast MRI considered if a family-history model predicts CLTR (80) >20-25%, with initiation when 5-year risk exceeds 2-2.5%. For thesegenes,breastMRIisnotclearlywarrantedonthebasisofmutationalone.
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Ovarian-cancer risk management should be guided by family history of the disease, if present. RRSO is not indicated based on the presence of moderate-penetrance mutations alone. ¶ Guidance for BRIP1 mutations is based on relative risk from case-control study 27 . Earlier consideration of RRSO might be warranted for individuals with mutations in any of these genes if the individual has a clear family history of ovarian cancer (>1 case), especially in close relatives.
# Colorectal cancer screening should be guided by family history. For individuals without a family history of colorectal cancer or adenomatous polyps, population-screening guidelines should be followed.
